How differentiating progenitor cells can attain a distinct differentiated cell-identity is a challenging problem given the promiscuous nature of critical transcription factors and the typically fluctuating signaling environment in which cells exist. Here we test the hypothesis that a unique and robust differentiated cell identity can result from a core component of the differentiated state doubling up such that it has key functions in the differentiated state and also works at low levels as a positive-feedback signaling mediator that drives progenitor cells to differentiate. Using live single-cell fluorescence imaging analysis in the adipocyte differentiation system, we show that FABP4, one of the most abundant core components that buffers lipids in differentiated adipocytes, regulates at low levels expression of PPARG, the master regulator of adipocyte differentiation. Adipocyte progenitor cells transition from a priming phase of differentiation to a second phase during which low levels of FABP4 and PPARG mutually reinforce each other's expression. In this way both proteins reach a threshold where cells irreversibly commit to the differentiated state. Before and after reaching this threshold, PPARG transcriptionally increases FABP4 expression while fatty-acid loaded FABP4 binds to and increases PPARG activity. Together, our study suggests a control principle for robust cell identity, whereby a core component of the differentiated state also promotes differentiation from its own progenitor state.
INTRODUCTION
Progenitor cells typically have the capacity to differentiate into two or more different cell types and cell differentiation itself can be plastic, with cells able to lose or change their differentiated state under some physiological and pathological conditions. Here we focus on a key open question of how cells can robustly attain a specific differentiated cell identity since most signaling elements and transcription factors that mediate differentiation are not unique to a specific differentiated state. As one mechanism supporting cell identity, negative feedback has been shown to play a role in regulating the differentiation decision between two fates whereby one fate can suppress the program that drives differentiation of the other fate [1] . Since this negative feedback mechanism mostly prevents cells which have chosen one path from differentiating into alternative cell types, additional regulatory mechanisms must exist that selectively drive cells onto a unique path and allow cells to robustly assume and maintain a specific differentiated cell identity. Positive feedback has been shown to be one such mechanisms that can help cells attain a unique cell identity by triggering one-way cell fate decisions that transition progenitor cells to a differentiated state. To generate an irreversible switch, at least one arm of the positive feedback has to be cooperative or ultrasensitive to generate bistability with strong hysteresis [2] . Furthermore, irreversible switches are made more robust when multiple parallel positive feedbacks engage [3] . Thus, a combination of ultra sensitivity and multiple positive feedbacks can create a bistable switch between two cell fates, that, if sufficiently strong, can generate unidirectional irreversibility which is ideally needed for an irreversible cell differentiation process [4] [5] [6] .
Nevertheless, given the overlapping uses of signaling and transcription programs and the significant signaling variability between individual cells in a population, it is unclear how cells can navigate the signaling and transcriptional landscape in progenitor states and can be reliably directed towards the correct path that leads to a unique identity of the differentiated state.
Here we considered that one mechanism that could allow cells to assume a robust cell identity is a type of positive feedback whereby a core component that is uniquely expressed and needed in the differentiated state doubles-up by being also a signaling co-factor that is needed to drive the differentiation decision ( Fig 1A) . Two requirements for an ideal cell-identity positive feedback are that it should (1) generate a delay before commitment to ensure that cells can select the correct differentiation path and cell identity and (2) once cells have committed, to robustly lock the cell into its differentiated cell identity. To test if such a positive-feedback mechanism exists and how it may reinforce cell identity of a differentiated state, we used the adipocyte cell differentiation system since it is a well-characterized and experimentally accessible terminal cell differentiation process. We were also intrigued by a previous observation that increased levels of fatty acids can promote differentiation of precursor cells. As a candidate for such a self-reinforcing mechanism for cell identity, the fatty acid binding protein, FAPB4, is highly abundant only in terminally differentiated adipocytes, where it makes up between 1-3% of soluble protein [7] . FABP4 is a critical core component that has important cellinternal functions in mature adipocytes such as binding to hormone sensitive lipase (HSL) and buffering lipid release [8] . However, there is also evidence that FABP4 has an additional role in positively regulating the transition from progenitor cells to mature adipocytes [9] [10] [11] . These observations motivated our study here that FABP4 could provide such a self-reinforcement mechanism for unique cell identity. Notably, FABP4 can be released from mature adipocytes and has cell-external roles in different cell types including preadipocytes and other adipocytes where it has been shown to reduce PPARG expression as a pathological and possibly also normal regulatory function [12] .
In its cell-internal role, FABP4 is well-established as a downstream target of PPARG, the master regulator of adipocyte differentiation [13] . The other role of FABP4 in also regulating PPARG activity is less well understood. A recent study by our group provided one clue by showing that FABP4 Finally, if FABP4 is indeed uniquely important for adipogenesis, it is not clear why genetic studies in FABP4-knockout mice failed to show a suppression of adipogenesis [14] .
Here, using live single-cell analysis of endogenously-tagged PPARG and FABP4, we show that FABP4 and PPARG build up only very slowly during a first phase of the adipogenic program until they transition to a second phase marked by engagement of positive feedback between each other.
This feedback starts after about 24 hours when the FABP4 level is very low and ends approximately 12 hours later when the levels of PPARG and FABP4 rapidly build up and pass a critical threshold for differentiation. Despite the low level of FABP4 at this time, we show that the feedback-activation of PPARG can be repressed by a mutant FABP4 that is deficient in binding fatty acid. Since we also found a direct interaction of FABP4 with PPARG, our study can best be interpreted by FABP4 having already at low levels a transport function to enhance fatty acid binding to PPARG, a mechanism which is known to increase PPARG activity [13] . We also provide evidence that upregulated FABP5, upon ablation of FABP4, can explain the previously observed lack of an effect on differentiation in FABP4knockout mice, which is in-line with studies showing that FABP5 compensates for FABP4 in FABP4knockout mice [15] . Together, our study provides support for a general model that robust cell identity can be initiated and reinforced by having a unique core component of the differentiated state doubleup as a signaling factor that initiates and reinforces the path to a unique differentiated state.
RESULTS

FABP4 is needed for adipogenesis in vitro and in vivo
Previous studies support that FABP4 and PPARG are in a positive feedback relationship [9, 11, 16, 17] . One arm of this positive feedback is well-established since there are PPARG binding sites on the FABP4 promoter, and PPARG activity has been shown to strongly upregulate FABP4 mRNA and protein levels [7] . However, the relevance of FABP4 in regulating PPARG has been controversial as FABP4 knockout mice were not defective in adipogenesis [14] . We therefore performed a series of experiments to address if and how FABP4 can regulate PPARG expression and adipogenesis. Using the adipogenesis assay described in Fig 1B, we first carried out shRNA-mediated depletion of FABP4 in the OP9 preadipocyte system and induced adipogenesis with the standard DMI protocol. We observed that FABP4 knockdown partially reduced adipogenesis ( Fig 1C) . We also knocked down FABP5 since studies have shown that FABP5 is upregulated when FAP4 is ablated and may be able to compensate for the loss of FABP4. Knockdown of FABP5 and FABP4 further reduced adipogenesis compared to knockout of FABP4 alone but adipogenesis was not completely suppressed.
Since we observed significant adipogenesis in the dual shRNA knockdown experiments, we thought this might be due to the fact that endogenous FABP4 is highly expressed during adipogenesis, and thus FABP4 levels might be too high to obtain efficient knockdown. To remove all endogenous FABP4 from the cells, we used CRISPR-mediated genome editing to completely knock out FABP4 expression in OP9 cells ( Fig 1D) . We then induced differentiation using the standard DMI protocol. As expected, control-KO OP9 cells differentiated robustly ( Fig 1E) . In contrast, FABP4-KO OP9 cells were strongly defective in increasing PPARG expression and differentiating, with less than 10% of cells differentiating compared to control cells. Since FABP5 has been shown to compensate for FABP4 knock-out both in vitro and in vivo [14, 15, 18] , we also tested whether we could further reduce the amount of adipogenesis in the FABP4-KO cells by also knocking down FABP5 using siRNA. Indeed, we could reduce adipogenesis to almost nothing when we knocked down both FABP4 and FABP5.
We further validated these findings in another commonly used preadipocyte cell system, 3T3-F442A cells [19] . We used CRISPR-mediated genome editing to knockout FABP4, FABP5, or both FABP4 and FABP5 ( Fig 1F) . 3T3-F442A cells which had been subjected to the same FABP4 knockout protocol but which did not harbor any FABP4 knockout were used as control cells. We plated the 3T3-F442A cells into 96-well plates and induced adipogenesis using the standard protocol in 3T3-F442A cells which is to add insulin [19] . Indeed, when FABP4 or FABP5 or both were knocked out, 3T3-F442A preadipocytes showed reduced differentiation, as measured by PPARG staining, as well as lipid accumulation, as measured by Oil Red-O staining ( Fig 1G and 1H) . The latter is indicative that the KO cells are not functional mature adipocytes. To test whether FABP4 was essential for adipogenesis in vivo, we used a previously-established method in which 3T3-F442A preadipocytes are subcutaneously injected into the sternum of immune-deficient mice, giving rise to fat pads resembling normal adipose tissue [20] . Since fat is not normally present at the sterum of mice, the fat pad formed at the sterum after injection of preadipocyte cells is generated by de novo adipogenesis of the injected cells [20] . We injected our preadipocyte cells into the sterum of 8-week mice, and a fat pad was allowed to form for 4 weeks. The FABP4-KO, FABP5-KO, and DBKO preadipocyte cells indeed showed a defect in adipogenesis, as measured by weighing the fat that formed at the sternum (Fig 1I, 1J , and S1). Taken together, we conclude that FABP4 and its homolog FABP5 have a critical role in mediating adipogenesis in vitro and in vivo.
Overexpression of FABP4 in drives differentiation of preadipocytes, as well as mescenchymal stem cells (MSCs), into adipocytes
The role of FABP4 has been controversial, and thus as shown in the results in Figure 1 , we had used FABP4 knockout or knockdown experiments both in vitro and in vivo to demonstrate that FABP4 could regulate PPARG expression and adipogenesis. We now wanted to test whether overexpression of FABP4 would have the converse effects on PPARG expression and adipogenesis as the FABP4 knockdown and knockout experiments. We thus introduced doxycycline-inducible YFP-FABP4 or YFP(control) constructs into OP9 cells but saw no difference in their effect on adipogenesis ( Fig 2A) . We speculated that this lack of a difference was due to the fact that FABP4 is so highly expressed during adipogenesis that overexpression of FABP4 would have little effect on top of the endogeneous FABP4. We thus took advantage of our FABP4-KO preadipocyte cell line ( Fig 1B) . We made stable FABP4-KO cells expressing doxycycline-inducible YFP-FABP4 or YFP(control) ( Fig 2B) .
Indeed in the background of no endogeneous FABP4, it was apparent that overexpression of FABP4 could rescue differentiation capacity ( Fig 2C) .
To determine whether inducing FABP4 alone is sufficient to commit mesenchymal stem cells into adipocytes, we used C3H10T1/2 cells, a well established mesenchymal stem cell (MSC) model which is capable of differentiating into different cell fates. We used a C3H10T1/2 MSC line that was stably expressing the two core components of the SAM system (C3H/10T1/2-CRISPRa-SAM [21] ) and transfected sgRNA targeting the promoter regions of the FABP4 to induce FABP4 expression 2 days before we differentiated the cells ( Fig 2D) . Induction of FABP4 increased PPARG expression and the number of mature adipocytes (Fig 2E) .Taken together, our results suggest that FABP4 expression can increase PPARG expression and that FABP4 expression is sufficient to commit preadipocytes and MSCs into becoming mature adipocytes.
CRISPR-mediated genome editing and live-cell imaging shows very small but significant increase in FABP4 levels before cells reach the threshold for differentiation
Previous in vitro work [3, 17, 22] and our in vitro and in vivo results (Fig 1) argue that PPARG not only increases FABP4 expression but that FABP4 also increases PPARG expression and adipocyte differentiation. To understand when and how this positive feedback between PPARG and FABP4 can engage during the multi-day differentiation process, we carried out live-cell imaging experiments to determine precisely when FABP4 and PPARG increase relative to each other in the same single cells. We first used CRISPR-mediated genome editing to tag endogenous FABP4 and PPARG in mouse OP9 preadipocyte cells with orthogonal fluorescent proteins (Figures 3A, S1, S2).
Using these dual-tagged (YFP)-PPARG and mKate2(RFP)-FABP4 cells, we carried out time-course analysis in thousands of individual cells while applying a 48-hour long adipogenic (DMI) stimulus. As shown in Fig 3B, changes in PPARG and FABP4 levels showed an overall similar dynamic over the four-day timecourse of adipogenesis. However, the individual time-course traces showed significant cell-to-cell variability. To better understand how PPARG and FABP4 protein levels change with respect to each other in the same cell, we compared PPARG and FABP4 timecourses in individual cells ( Fig   3C) . Both protein levels increased very slowly for the first 24 hours before increasing more rapidly from 24-48 hours and then further increasing their respective abundances for days even after DMI removal.
Nevertheless, even though PPARG and FABP4 protein expression dynamics looked similar, the relative increase in the levels of PPARG and FABP4 was significantly different during the time course ( Fig 3D) . Note that the axis for the FABP4, but not of the PPARG, signal in Fig 2C is logarithmic in order to better visualize the relatively small early increase in FABP4 in the first 48 hours. While PPARG levels increased steadily over the time-course of adipogenesis, reaching approximately 20% of maximal by 24 hours and approximately 45% of maximal by 48 hours, the increase in FABP4 had a markedly different behavior ( Fig 3E) . FABP4 increased steadily, but it only by a few percent of maximal in the first 24 hours and then to only 10% of maximal by 48 hours. This very small early increase in FABP4 is hard to see without quantitative timecourse imaging such as in the current study or without quantitative proteomics which also observed the same small early FABP4 increase [3] .
Previous studies using approaches such as Western blots to quantify FABP4 expression during adipogenesis lacked the sensitivity to observe the small early FABP4 increase that occurs only in the subset of cells that differentiate which is likely the reason why it has been commonly thought that FABP4 is only downstream of PPARG and is induced late in adipogenesis after the critical signaling events for differentiation have already happened.
FABP4 is not needed early in adipogenesis, but is needed later to reach the threshold at which cells irreversibly commit to differentiate
Our results so far support previous work which showed that FABP4 is in a positive feedback with PPARG [9, 16, 17] . In the widely-accepted model of adipocyte differentiation, cell-intrinsic positive feedback to PPARG ( Fig 4A) must engage for cells to irreversibly differentiate. As shown in Fig 4B, in cells that have reached the PPARG threshold, PPARG levels are able to continue to increase and the cells do not fall back to the undifferentiated state even after the external stimulus is removed [23] [24] [25] .
Upon addition of the adipogenic DMI stimulus, PPARG levels increase both in response to the stimulus and because of positive feedback ( Fig 4A) . This raises the question when the positive feedback engages in a particular cell. When inspecting individual traces before DMI is removed ( Fig 4C) , one can distinguish a transition from a first Phase during which PPARG abundance linearly increases at a slow rate (shallow slope) to a second Phase during which PPARG increases at a much faster rate (slope steepens). An analysis of averaged single cell traces in Fig 4D shows that the shallow slope lasts for approximately 24 hours (dotted black line marked "1") before the slope becomes gradually steeper between 24 to 48 hours (dotted black lines marked 2-5). When plotting the slope of PPARG as a function of time, the two phases can be more clearly distinguished ( Fig 4E) . It is plausible that the relatively constant increase in PPARG abundance in Phase 1 reflects the cell's initial response to the external DMI stimulus, while the accelerated increase in the slope of PPARG after approximately 24 hours of DMI stimulation reflects the start of the induction of cell-intrinsic positive feedbacks that amplify PPARG expression. In strong support of this model, this second Phase is absent in cells in which CEBPA and FABP4, both positive feedback regulators of PPARG, are depleted ( Fig 4F and 4G), arguing that the accelerated increase in the slope of PPARG is a direct measure of when the positive feedback starts to engage. We therefore termed the clear transition between Phases 1 and 2 the "feedback engagement point". Knocking down CEBPB suppresses the initial gradual PPARG increase ( Fig 4H) , supporting that, in contrast to FABP4 and CEBPA, CEBPB is needed very early in adipogenesis to increase PPARG levels to the feedback engagement point. Figures 4B and 4C show that the feedback engagement point occurs long before the threshold is reached, arguing that differentiation cannot occur unless the cell-intrinsic positive feedback engages and has time to become strong enough to keep increasing PPARG levels independently of the external differentiation (DMI) stimulus. PPARG abundance has been shown to be predictive of differentiation outcome [11, 26] , but to determine whether the slope of PPARG could also predict differentiation outcome, we calculated and compared histograms of the abundance and slope of PPARG in cells at 44 hours before DMI removal. As shown in Fig 4I, differentiation outcome can be predicted equally well, or even better, if the threshold is calculated using PPARG slope instead of PPARG abundance (accuracy of prediction is 94% using slope versus 90% using abundance). The fact that a high slope of PPARG, which requires engagement of positive feedback, is highly predictive Page 10 of the differentiation outcome suggests that the strength of cell-intrinsic feedback to PPARG determines whether or not the irreversible differentiation switch will be triggered when DMI is removed.
The timecourses in
An early small increase in FABP4 upregulates PPARG expression before cells reach the threshold to differentiate
To better understand the significance of the early small increase in FABP4 concentration during differentiation observed in Figures 3D and 3E , we performed a detailed analysis of the respective increases of PPARG and FABP4 before cells reach the critical threshold, typically around 24-36 hours after inducing differentiation. Such a single-cell analysis is relevant since the respective increases show a large degree of variability between individual cells in the same population. As shown in the example timecourses of hundreds of cells in Fig 3B, there appears to be a close correlation in the kinetics when PPARG and FABP4 increases: Cells that increase PPARG early also ramp up FABP4 earlier. This correlation becomes clearer when separating cells into 3 bins based on when they upregulated PPARG after inducing differentiation and plotting the average of the bins ( Fig 5A) . The close correlation between the respective PPARG and FABP4 increases is apparent. Zooming in closer on the the first 36 hours ( Fig 5B) shows that PPARG levels start to ramp up at different times from 18 to 36 hours and FABP4 also starts to ramp up in each case at the same time. The coincidence of the increase in PPARG and FABP4 is consistent with PPARG regulating FABP4 and also supports a previous hypothesis that FABP4 and PPARG are connected by positive feedback [11, 27] A logarithmic comparison of the averaged signals in cells that will differentiate ( Fig 5A, red line) versus cells that will not ( Fig 5C, black line) shows that the feedback engagement point when the slope starts to increase is several hours before the threshold for differentiation. Furthermore, in cells that will not reach the PPARG threshold when DMI is removed, PPARG levels raise more slowly from the start compared to cells that will differentiate. In addition, PPARG will again gradually drop after DMI is removed in cells that fail to differentiate. For FABP4, the intial increase is not distinguishable between cells that differentiate or not, suggesting that FABP4 becomes mostly rate-liming at the engagement point where FAPP4 starts to increase along with PPARG.
Together with the siRNA data shown in Fig 4F- H, these results are consistent with the interpretation that CEBPB drives the initial slow gradual increase in PPARG and that positive feedback between PPARG and CEBPA, as well as positive feedback between PPARG and FABP4, both drive parallel increases in the proteins that starts at the feedback engagement point and raises PPARG levels for another 12-24 hours to reach above the threshold for differentiation ( Fig 5D) . This data argues that terminal cell differentiation can be described as a three-phase process marked by whether the PPARG increase is primarily driven externally by the differentiation stimulus (Phase 1), cellintrinsically by the positive feedbacks (Phase 3), or both during the time window in between (Phase 2). Of note, the threshold, which marks the transition between Phase 2 and Phase 3, is not visible from inspecting the single-cell or averaged traces and needs to be identified by using live-cell imaging to measure PPARG levels before removing the external differentiation stimulus and then continuing to track each individual cell to know their final differentiation state days later. Thus, the time-course of differentiation can be broken into an early linear phase and a middle phase where FABP4 reinforces PPARG activity or expression so that cells can reach a critical threshold when differentiation becomes permanent.
FABP4 needs to transport lipid ligand to PPARG in order for preadipocytes to differentiate
Data from the literature suggested that FABP4 may have a role inside cells to deliver fatty-acid ligands from the cytosol to the nuclear receptor PPARG [9] , thereby enhancing the transcriptional activity of PPARG. Since such a role of FABP4 has been controversial, we took advantage of our knockout cell line to test whether the transcriptional activity of PPARG is indeed enhanced by FABP4 being able to transport lipid ligand to PPARG. We also made use of previous work which showed that an R126Q mutation in FABP4 results in a 30-50-fold reduction in the binding affinity for long chain fatty acids ( Fig 6A) [28] . When expressing this fatty-acid binding deficient construct in control cells, we already observed a 30% suppression of differentiation, suggesting that the construct may have a dominant negative effect ( Fig 6B) . We next made stable FABP4-KO OP9 cell lines with doxycyclineinducible YFP-FABP4, YFP-FABP4(R126Q) non-fatty acid binding mutant, or YFP(control) ( Fig 6B) .
Introducing wildtype FABP4 into FABP4-KO cells rescued the differentiation capacity ( Fig 6C) . In contrast, FABP4-KO cells in which FABP4-R126Q, a non-fatty acid binding mutant of FABP4, was expressed resulted not only in no differentiation, but PPARG levels dropped even below control levels, further suggesting that the mutant FABP4 can suppress PPARG in a dominant-negative manner ( Fig   6C) .
To determine whether FABP4's ability to transport lipid is needed to activate PPARG, we introduced a PPARG-responsive reporter, PPRE3-mKate2-NLS-PEST, consisting of three repeats of a PPRE promoter sequence to which PPARG has been shown to bind ( Fig 6D) [29] . The 3X-PPRE sequence was fused to a mKate2 (RFP) fluorescent protein and to a PEST domain of ornithine decarboxylase sequence to destabilize the mKate2 fusion and therefore ensure that the sensor could also measure down regulation of promoter activity. Also, a nuclear localization signal (NLS) was added to ensure that the mKate2 fluorescent signal is restricted to the cell nucleus, which results in better segmentation for time-course analysis.
As shown in Fig 6E, expression of YFP-WT-FABP4 and subsequent addition of linoleic acid, a naturally occurring PPARG ligand [22] and one of the predominant fatty acids of adipocytes [30] , resulted in higher induction of PPRE activity compared to expression of YFP as a control. These results suggest that FABP4 activates PPARG in a ligand-dependent manner. Importantly, expression of the mutant FABP4 that could not bind lipid resulted in a significant reduction in PPARG activity compared to expression of YFP. This result is consistent with the effects that we observed for this same mutant on adipogenesis. Together, the ability of WT-FABP4, but not mutant-FABP4, to selectively promote PPARG activity supports that the lipid transport capability of FABP4 promotes PPARG activation.
If FABP4 transports lipids to PPARG, the two proteins should directly interact. To test whether FABP4 and PPARG directly interact, we overexpressed YFP-FABP4, YFP-FABP4-mutant, or YFP(control) in OP9 cells and performed a co-immunoprecipitation (coIP) assay using a GFPnanobody ( Fig 6F) . We found that FABP4 and PPARG indeed interact in a lipid-dependent manner, suggesting that lipid-loaded FABP4 can directly transfer lipid to PPARG. Interestingly, we found that the fatty-acid binding deficient mutant-FABP4 is bound to PPARG regardless of whether fatty acid was present or not, explaining the observed dominant negative effect.
Rosiglitazone is a small molecule that can directly bind to the PPARG lipid binding pocket without requiring FABP4
Given the results thus far, there is a puzzling finding in the literature that FABP4/5 deficient precursor cells can still differentiate into adipocytes upon treatment with rosiglitazone, a small molecule activator of PPARG. We were indeed able to reproduce this results in the 3T3-F442A knockout FABP4 and knockout FABP4/5 cell models. Fig 7A shows that rosiglitazone can restore all of the differentiation in the single knockout and approximately 50% of the differentiation in double knockout cells compared to control cells. Fig 7B shows the same analysis for the single and double knockout OP9 cell model with an even higher fraction of differentiation being restored. A live-cell analysis of rosiglitazone addition in cells with endogenously tagged PPARG provides mechanistic insights how rosiglitazone acts. In DMI-stimulated control cells, addition of rosiglitazone has little effect early in adipogenesis but then causes a much more rapid increase in PPARG levels when the feedback engagement point is reached after 24-36 hours ( Fig 7C) . For the same conditions with and without rosiglitazone, FABP4 or FABP4/5 knockdown suppresses the rapid increase in control cells.
However, rosiglitazone partially restores the fast increase of PPARG in both knockdown cells.
Together with the results in Fig 6, this result can be interpreted that rosiglitazone, which is soluble in water at low concentrations, can directly access the activating binding pocket of PPARG without needing a cell-internal lipid transport mechanism ( Fig 7D) . In contrast, fatty acids, which have a much lower solubility in water, require a lipid transport mechanism to reach PPARG and this transport function requires either FABP4 or FABP5 in these cell systems.
One question is how can FABP4, which is not a transcription factor, increase PPARG expression? Since FABP4 can directly bind to PPARG in the prescence of lipid ( Figures 6F and 6G ), does this binding stabilize PPARG? To test this, we measured degradation rates of PPARG in the presence of cycloheximide, an inhibitor of protein synthesis ( Fig 7E) .Neither knockout FABP4 nor overexpression of FABP4 in OP9 cells showed significant differences in PPARG degradation rates, suggesting that FABP4 increases PPARG expression by activating PPARG which then activates transcriptional feedback loops to PPARG. Together, these results provide support for the model depicted in Fig 7F that FABP4 increases PPARG activity by transporting lipids, by binding to PPARG, and by increasing the fraction of PPARG with bound lipids.
DISCUSSION
Differentiation processes can be described as non-linear systems that have multiple stable states (local attractors) that reflect intermediate states, terminally differentiated states and likely also unwanted stable states without a benefit for the organism. A key question is how cells ensure that they assume the correct cell identity of a specific terminally differentiated state given that other local attractors such as senescence may exist in its vicinity where some or all of the functionality of a cell is lost. Our study considered that one solution to the cell identity problem is to reinforce the differentiation path to a specific differentiated state by using a core component of the differentiated state that not only allows the differentiated cell to properly function but also uses this same factor in a separate regulatory capacity to also initiate the differentiation program and maintain the differentiated state. Our study focused on the question if and how FABP4, one of the most abundant proteins in mature adipocytes that regulates lipid flux, promotes the initiation and commitment to the differentiated state.
When FABP4 is knocked out in mice, there is no decrease in fat mass [14] . But this study also indicates a potential compensatory regulation [15] . In FABP4-knockout mice, FABP5 expression was massively increased: 40-fold at the mRNA level and 13 to 20-fold at the protein level [14, 18] . In support of such a compensatory role, when both FABP4 and FABP5 were knocked out in mice, there was a significant reduction in total body adipose tissue mass both on regular and high-fat diet [31] , supporting that FABP4 and FABP5 can compensate for each other. Indeed, we observed the same compensation of FABP5 in FABP4 KO OP9 cells ( Fig S1A) . FABP5 may have such a compensatory role as it has high sequence similarity to FABP4 and binds to several FAs as well as to hormone sensitive lipase (HSL) with similar affinity and selectivity as FABP4 [32] [33] [34] . Nevertheless, these same studies also showed that FABP4/5 deficient precursor cells differentiate well when stimulated with rosiglitazone.
Earlier studies also showed that the relative half-maximal increase in FABP4 occurs later than for PPARG.
The overall goal of our study was to test the hypothesis that a core component of a terminal differentiation state can also double-up and function as a regulator to reinforce the differentiation fate.
Since FABP4 is a candidate for a factor with such a dual tole, we investigated the role of FABP4 by using simultaneous single-cell analysis of endogenously tagged FABP4 and PPARG to test if and when FABP4 and PPARG regulate each other. We envisioned that this type of analysis can reconcile the seemingly conflicting results in the literature that might be tied to a high variability in the dynamics of FABP4 expression and the possibility that low levels of FABP4 might activate PPARG. By tracking cells and monitoring the master regulator PPARG over time, we showed that the underlying regulatory circuit of the adipocyte differentiation system is characterized by three sequential Phases with DMI mediating a linear increase in PPARG in Phase 1, positive feedback starting to engage at the end of Phase 1, and the bistable switch triggered at the end of Phase 2 when PPARG levels reach a critical threshold where self-amplification takes over and the external input stimulus is not needed any more.
We showed that FABP4, and FABP5 if FABP4 is missing, is a necessary slow co-factor needed in OP9 and 3T3-F442A cells to accelerate the build-up of PPARG in Phase 2 to the threshold where differentiation is triggered. Thus, our study suggests that FABP4 has at least three distinct roles in adipocytes: a cell-external role as a mediator released from mature adipocytes to suppress progenitor and other cell types, and two cell-internal roles: to transport and buffer fatty acids in mature cells during lipolysis, and at very low levels, to act in adipocyte precursor cells as a signaling mediator that transfers fatty acids to PPARG and increase its activity to promote differentiation.
Our study further addressed the question of how FABP4 can regulate PPARG since studies of how FABP4 regulates PPARG have yielded contradictory results. Some studies suggested that FABP4 upregulates PPARG expression and activity in adipocytes [3, 9, 17] whereas other studies provide evidence that FABP4 suppresses PPARG expression and activity [12, 35] . We showed that knocking down or knocking out both FABP4 and FABP5 in OP9 cells and 3t3-F442A results in a significant suppression of adipogenesis. This first appeared to contradict earlier results which showed that WT cells, FABP4/FABP5 KO cells, FABP4/FABP5 KO cells can still effectively differentiate when rosiglitazone was added along with the DMI. Our study shows that these double knockout cells fail to respond to DMI but differentiate in response to rosiglitazone. We also show that FABP4 can directly interact with PPARG and that a mutant deficient in fatty acid binding has increased PPARG affinity without bound fatty acid. Together, these results suggest that rosiglitazone can bind directly to the lipid-binding pocket of PPARG and may therefore bypass the need for FABP4 to bring fatty acids to PPARG. Such a mechanism is plausible as fatty acids have low water solubility while rosiglitazone was developed as a partially water-soluble compound. Together with our knockout, mutant and rescue analysis, we also used live-cell imaging and showed a rapid increase of endogenously tagged PPARG mediated by rosiglitazone. Thus, by mediating direct activation, rosiglitazone can bypass the need for FABP4. Together, our study is consistent with the interpretation that the activity of PPARG is increasingly activated in the second phase of differentiation by FABP4-mediated transport and activation of PPARG by fatty acids, allowing cells to reach the threshold for irreversible differentiation.
This supports a dual role of FABP4 to not only mediate buffering and transport functions in the differentiated state, but also control cell identity by driving precursor cells towards irreversible differentiation. PPARG timecourses comparing the average of ~700 cells that will differentiate (red) and the average of ~400 cells that will not differentiate (blue) from the same experiment. As shown by the dotted black lines, the abundance of PPARG gradually increases at a relatively constant slope for about 24 hours before the increase in PPARG begins to accelerate. (E) The slope of PPARG at each timepoint was calculated by using a linear fit to 8-hour segments of the PPARG abundance trajectory (+/-4 hours). A feedback engagement point is clearly apparent and occurs many hours before a cell will cross the threshold where differentiation is triggered. The same dataset was used in (D) and (E) and is representative of five independent experiments. (F-H) Live cell imaging of citrine-PPARG cells following transfection with CEBPA-targeted or control(YFP) siRNA shows that knockdown of CEBPA, a main feedback partner of PPARG, results in loss of the feedback engagement point. Cells were stimulated to differentiate with the standard 48hour DMI protocol described in Figure 1b . Plotted lines are population median traces with shaded regions representing 25th and 75th percentiles of approximately 700 cells per condition. (I) The PPARG abundance and slope values from (D) and (E) were used to calculate a threshold by at 44 hours, a timepoint before DMI was removed. A clear threshold that predicts whether the same cell will be differentiated at 96 hours can be seen for both PPARG abundance and slope.
Figure 5: The early, small increase in FABP4 occurs in parallel with increasing PPARG expression and before cells reach the threshold to differentiate
(A) Timecourses of 494 dual-tagged cells were binned according to their PPARG level at 48 hours, and the traces in each bin were averaged. Plot shows representative averaged timecourses to show a range of differentiation outcomes. The data show is representative of 5 independent experiments. (B) Zoomed-in region of (A) showing a direct comparison of the gradual increases in PPARG and FABP4 before both get self-amplified when cells reach the engagement point. (C) The red and black binned traces from (A) are plotted on a log2 y-axis in order to better see the threshold. If the PPARG level in a cell goes above the threshold, that cell will continue on to differentiate even if the adipogenic stimulus is removed. If PPARG level do not reach the threshold before the differentiation stimulus is removed, that cell will drop back to the undifferentiated state. (D) Schematic illustrating where FABP4, a slow feedback partner of PPARG, is highly active to control the critical middle phase of differentiation (Phase 2) during which cells commit irreversibly to differentiate. During Phase 1, the master regulator PPARG slowly increases to the feedback engagement point, primarily driven by the external DMI stimulus. During Phase 2, both external stimulation and internal self-amplification are needed to increase PPARG levels up to the threshold. In Phase 3, which begins after the Threshold is reached, the cell trajectory becomes independent of input stimulus, and a further increase can be driven by internal self-amplification alone until the terminal differentiation state is reached. The observed drop in PPARG level is due to loss of the input stimulus before PPARG levels once again increase due to positive feedback to PPARG. The long delay before the threshold is reached suggests that this system may filter out short pulses of differentiation stimuli. 
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EXPERIMENTAL MODEL DETAILS
OP9 mouse stromal cell line [36] 3T3-F442A mouse preadipocyte cell [37] Immune-deficient mouse-J:NU (Jackson Labs, Cat #007860)
METHOD DETAILS
Cell culture and differentiation
OP9 cells were cultured according to previously published protocols [3, 36] . OP9 cells were cultured in 3T3-F442A preadipocytes were grown and differentiated according to established protocols [19] . Briefly, 3T3-F442 cells were grown in in growth media consisting of DMEM (100U/ml) supplemented with 10% bovine serum (BS) and 1% penicillin/streptomycin (PS). Cells were passaged when pre-confluent. For differentiation, preadipocytes were grown to confluency on plates coated with collagen-1 (Advanced BioMatrix, 5005). When confluent, differentiation was induced by changing media to growth media + insulin (5µg/ml) for four days. After day 4, the media was replaced with just growth media. This latter media was replaced every two days on the cells until the cells were fully differentiated, which occurred typically around day 10 after induction of differentiation.
Oil Red O staining
To determine lipid accumulation 3T3-F442A preadipocytes were differentiated for 10 days and stained with Oil Red O. The cells were washed with phosphate-buffered saline (PBS) and fixed using 4% paraformaldehyde (PFA) for 1h. Cells were washed using double-distilled H2O and incubated with the filtered Oil Red O solution (Cat #O0625, Sigma) for 1h. Cells were washed twice with ddH2O and analyzed by bright-field microscopy.
De novo adipogenesis in vivo
To induce de novo fat pad formation, preadipocytes were grown to near confluency and resuspended in PBS. 3 x 10 7 preadipocytes were injected subcutaneously at the sternum of 8-week old male athymic mice (Cat. #007850, Jackson Laboratory) as described previously [38] . After 4 weeks, mice were anesthetized with isoflurane and sacrificed by cervical dislocation. Fat pads derived from the implanted cells were excised and weighed.
Generation of FABP4-KO, FABP5-KO, and DBKO cells:
The CRISPR-Cas9 constructs targeting FABP4 and FABP5 were generated based on a previously described protocol [39] . Briefly, different guide RNAs targeting FABP4 or FABP5 were designed (crispr.mit.edu) and oligos including the targeting sequences were annealed and cloned into pSpCas9n(BB)-2A-GFP (PX461; Addgene #48140), used for targeting FABP4, or pSpCas9(BB)-2A-miRFP670 (Addgene #91854), used for targeting FABP5. Constructs were transfected into 3T3-F442A preadipocytes or OP9 preadipocytes via electroporation using the Amaxa Cell Line Nucleofector Kit V (Lonza, Cologne, Germany). Afterwards cells were grown two days in DMEM, 10% BS and 100 U/ml penicillin/streptomycin for 3T3-F442A or for OP9 MEM with L-glutamine, 20% FBS, and 100 U/ml penicillin/streptomycin. FACS-sorting was performed to select for construct marker (GFP and/or iRFP expression), and cells were seeded in 96-well plates (1 cell/well) to analyze them for FABP4 and/or FABP5 expression. Single cells that did not harbor any FABP4-KO were expanded to obtain WT(control) clones. Successfully transfected cells were sorted for positive cells and assayed for loss of FABP4, FABP5 or both proteins.
Generation of stable cell lines with doxycycline-inducible shRNA targeting FABP4 or control:
The 
Generation of live-cell sensor for PPARG activity: 3XPPRE-mKate2(RFP)-NLS-PEST
To create the PPRE: mKate2(RFP)-NLS-PEST construct in a PiggyBac delivery system, an in-house Gibson cloning reaction mix was used. Blasticidin resistance was previously introduced in place of puromycin in the PB-CMV-MCS-EF1α-Puro vector (System Biosciences), which was then linearized using SfiI/XbaI restriction enzyme digestion to obtain the backbone. Phusion High-Fidelity DNA Polymerase (New England Biolabs) was used to amplify the PPRE sequence from the PPRE X3-TKluc construct (Addgene, #1015), the mKate2 sequence from the pDONR P2R-P3-mKate2 construct (Addgene, #48345), and the NLS-PEST sequence from the RevErb-Venus-NLS-PEST [40] . The final plasmid was transfected into OP9 cells using Lipofectamine 2000 (Thermo Fisher Scientific). Cells were selected using 10 μg/ml blasticidin (Invivogen) for at least 7 days, and single-cell clones were obtained by FACS.
Generation of stable OP9 cell lines to measure PPARG activity (FABP4-KO-PPRE)
Stable OP9 FABP4 knockout cells containing inducible YFP-WT-FABP4 or YFP-FABP4 (R126Q) were transfected with mKate2(RFP)-NLS-PEST, a sensor for PPARG activity. These cells were plated at a density of 8000 cells per well into 96-well plates at Day -1. Cells were grown in MEM with L-glutamine, 20% FBS, and 100 U/ml penicillin/streptomycin. At Day 0, the cells were treated with doxycycline (1ug/ml). To determine the effect of linoleic acid on PPARG activity, linoleic acid (LA, Sigma-Aldrich L1012) was first dissolved in 100% ethanol to a concentration of 1M, mixed with 10% fatty acid-free BSA (Sigma-Aldrich A8806) in MEM medium, and then incubated at 37°C for 4 hours to form LA-BSA complexes at a final concentration of 1mM LA. Then the 1 mM mixture of LA-BSA complexes was diluted 10-fold in MEM to a stock concentration of 100 μM. This stock concentration was then further diluted with additional MEM to make serial dilutions that were applied to cells for 24 hours.
Workflow used to generate single cell colonies with endogenously tagged PPARG and FABP4
(mouse OP9 cells, Fig S3) :
To carry out CRISPR genome editing to generate FABP4-mkate2, we used the "double nickase" system which uses two different guide RNAs that create adjacent and opposing nicks in the DNA at the site of insertion [11, 41] . To carry out double-nickase genome-editing, two different targeting sequences (sgRNA) directed to the FABP4 locus were designed as described above and inserted into the guide RNA site of two plasmids, pX335-U6-Chimeric_BBCBh-hSpCas9n (pX335) (Addgene plasmid #42335) encoding the SpCas9 D10A nickase. Oligonucleotide duplexes encoding each desired targeting sequence were ligated into the BbsΙ cut sites of px335. Construction and design of the donor template were carried out based on Bahrami-Nejad et al, 2018. Previously, CRISPRmediated genome editing was used to tag the N-terminus of endogenous PPARG in OP9 cells. These cells were next used to tag the C-terminus of FABP4 with mKate2, a bright red fluorescent protein [42] . The DNA repair template to promote homology directed repair (HDR)-mediated insertion of the fluorescent protein (mkate2) was constructed by inserting the cDNA of mkate2-3xGly flanked by two 800 bp homology arms into the entry vector backbone pENTR1a (Addgene Plasmid #17398). The pENTR1a backbone vector was digested with EcoRΙ-HF and BamHΙ-HF (NEB), and assembled together with three DNA fragments by using Gibson assembly.
Immunoblotting
For SDS-PAGE, 20 ug protein per lane was used. Proteins were detected with anti-PPARG (1:1000, Santa Cruz Biotechnology, sc-7273), anti-FABP4 (1:1000 R&D Systems, AF1443), anti-FABP5
(1:1000 Cell Signaling, 5174), anti-GFP (1:1000 Abcam, ab290) and anti-tRFP (1:1000 Evrogen EVN-AB233-C100).
Co-Immunoprecipitation (Co-IP)
Twenty-four hours before the start of the experiment, stable FABP4-KO OP9 cells with either inducible YFP, YFP-WT-FABP4 or YFP-FABP4 (R126Q) were treated with doxycycline (1ug/ml) and in alpha-MEM with L-glutamine, 10% FBS, and 100 U/ml penicillin/streptomycin. At t=0 hours, cells were treated with both linoleic acid (100 μM) and doxycycline (1ug/ml). Co-IP's on the total cell lysates or on subcellular fractions (nuclear and cytoplasmic) were performed at different timepoints using anti-GFP VHH coupled to magnetic agarose beads (GFP-Trap_MA, Chromotek) or, as a control, IgG (Chromotek), following the manufacturer's instructions. The same amount of protein was used for each IP, and the protein concentration was measured using a BSA kit. 
ChIP-qPCR
FABP4 Gain-of-Function in pre-adipocytes via CRISPRa SAM
Murine mesenchymal C3H10T1/2 cells stably expressing the CRISPRa-SAM complex were used for gain of function experiments following a previously established protocol [21] . Briefly, to make the sable cell line, the CRISPRa-SAM components (dCas9-VP64 and MS2-P65-HSF1) were delivered in lentiviruses by plasmid co-transfection of C3H10T1/2 cells. The resulting cell line (C3H10T1/2-CRISPRa-SAM) can be used for activation of endogenous genes via chemical transfection with a single guide RNA (sgRNA)-containing plasmid. C3H10T1/2-CRISPRa-SAM cells were maintained in high glucose-DMEM media containing FBS (10%), Penicillin-streptomycin (1%), and blasticidin (2.5 ug/ml) and hygromycin (200 ug/ml) to ensure a retained dCas9-SaM expression. sgRNA sequences targeting FABP4 promoter regions were designed using the 'SAM genome engineering online tool' (http://sam.genomeengineering.org/database/), and annealed and ligated into the backbone vector following the original protocol [43] . Correct insertion was verified by sequencing of plasmids. The sequence used was FABP4 (NM_024406.3) CATACAGGGTCTGGTCATGA. Cell transfections were performed as previously described [21] . Briefly, for gene expression analysis (RT-qPCR), 300,000 cells were seeded per well into a 12-well plate ( If the PPARG level in a cell goes above the threshold, that cell will continue on to differentiate even if the adipogenic stimulus is removed. If PPARG level do not reach the threshold before the differentiation stimulus is removed, that cell will drop back to the undifferentiated state. (D) Schematic of a three-phase model of adipogenesis: FABP4 controls the critical middle phase (Phase 2) during which cells commit to the differentiated state. (E) WT FABP4 enhances PPARG activation in a ligand-dependent fashion. Activation of PPARG in a ligand-dependent fashion is greatly reduced when the FABP4 mutant (R126Q) is overexpressed. Stable OP9 cells were made co-expressing 3XPPRE-mKate2-NLS-PEST and either doxycycline-inducible-YFP-FABP4WT or doxycycline-inducible-YFP-FABP4R126Q mutant. FABP4 or FABP4 (R126Q) expression was induced or kept basal by the addition of doxycycline or fatty acid-free BSA (control), respectively, and different doses of linoleic acid or fatty acid-free BSA (control) were added to the cells. (F) To assess PPARG interaction with FABP4, co-IPs on total cell lysate were performed using GFP nanobody or IgG(control) antibodies in FABP4 KO cells with doxycycline-inducible-YFP-FABP4 or doxycycline-inducible-YFP-FABP4R126Q mutant. It was immunoblotted for FABP4 and PPARG (n = 2 experiments). At t=0 hours, cells were treated with both linoleic acid (100 μM) and doxycycline (1ug/ml). Co-IP's on the total cell lysates were performed at day two. 
